We demonstrate the experimental realization of impulsive alignment of carbonyl sulfide (OCS) molecules at the Low Density Matter beamline (LDM) at the free-electron laser FERMI. OCS molecules in a molecular beam were impulsively aligned using 200 fs pulses from a near-infrared laser. The alignment was probed through time-delayed ionization above the sulphur 2p edge, resulting in multiple ionization via Auger decay and subsequent Coulomb explosion of the molecules. The ionic fragments were collected using a time-of-flight mass spectrometer and the analysis of ion-ion covariance maps confirmed the correlation between fragments after Coulomb explosion. Analysis of the CO + and S + channels allowed us to extract the rotational dynamics, which is in agreement with our theoretical description as well as with previous experiments. This result opens the way for a new class of experiments at LDM within the field of coherent control of molecules with the possibilities that a precisely synchronized optical-pump XUV-probe laser setup like FERMI can offer.
Introduction
The locking of molecular axes to a laboratory-fixed frame has become a crucial tool in imaging structural dynamics in molecules [1] [2] [3] . A number of techniques such as photoelectron imaging 1,2 , electron diffraction 4, 5 and X-ray diffraction 6 , have greatly benefited from the possibility of aligning molecules in space. Recently research has focused on alignment and orientation of simple molecules, and various techniques have been implemented using DC fields [7] [8] [9] or intense laser fields [10] [11] [12] [13] [14] [15] . In the latter case, the use of a non-resonant laser field causes the formation of pendular states due to the interaction with the molecular polarizability 15 . The laser alignment of OCS in different scenarios was recently investigated in detail with table-top laser sources demonstrating that coherent control of molecular motion can be attained 16 . Lasers and high harmonic generation (HHG) light sources are capable of sub-femtosecond temporal pulse durations [17] [18] [19] , however, the photon flux for such table-top sources is still fairly low (typically 10 6 − 10 10 photons/pulse) making, for example, the investigation of multi-photon non-linear processes inaccessible. Freeelectron laser (FEL) facilities can fill this gap (typical fluxes > 10 13 photons/pulse). Moreover the free electron laser FERMI in Trieste can overcome one of the big limitations of soft X-ray table-top light sources: the tunability, required for instance to access specific resonant states in atoms and molecules. Alignment at an FEL has been demonstrated previously using several approaches 6,20-22 but for very fast rotational dynamics the jitter of SASE (Self Amplified Spontaneous Emission) FELs can be problematic, although advanced data analysis has been demonstrated to recover the details in silico 23 . In this respect the advantage of using a jitter-free FEL as FERMI is immediately evident with the final goal of recording molecular movies with femtosecond, sub-Ångstrom resolution. In this paper we present experimental results that demonstrate the preparation of aligned molecules at the Low Density Matter beamline (LDM) at FERMI in Trieste. Specifically, OCS molecules in a cold supersonic molecular beam were impulsively aligned using 200 fs near-infrared (NIR) laser pulses and the resulting rotational dynamics was probed via the Coulomb explosion following multiple ionization with time-delayed XUV pulses above the Sulfur 2p edge, and subsequent Auger decay. An analysis of averaged ion TOF spectra suffices to identify and characterize the alignment process. Rotational revival dynamics with the expected 82 ps revival period is clearly observed. In addition, this experiment also benefited from an FEL upgrade of the repetition rate from 10 to 50 Hz shortening the acquisition time and allowing single-shot mass spectra. Ion-ion covariance maps were quickly extracted, in which the ion momentum correlation in the Coulomb explosion following single-photon ionization of OCS at 194 eV was resolved.
Experimental
The experiment was carried out at the LDM endstation 24, 25 of the FERMI FEL in Trieste. FERMI is a seeded FEL with unique properties such as spectral purity, tunability, low timing jitter, and near-transform-limited pulses, described in more detail elsewhere [26] [27] [28] . FERMI comprises two sources, FEL1 and FEL2, and the shorter-wavelength range of FEL2 was used in this experiment, operated for the first time at a repetition rate of 50 Hz. In this particular experiment, the FEL X-ray probe wavelength was set above the Sulfur 2p edge at 6.40 nm (194 eV). The LDM beamline was designed for static and time-resolved pump-probe studies of physical and chemical processes occurring in atoms, molecules, and their aggregates (clusters): a pump laser is available with few-fs time jitter relative to the FEL XUV pulse 28 and with adjustable pulse duration and focal waist dimension. Here, the pump laser was used as the alignment laser at a wavelength of ∼800 nm, a pulse duration of 200 fs, a spot size with Gaussian distribution of 65 µm (standard deviation σ ), and an average energy of 55 µJ corresponding to a peak power density of 2 × 10 12 W/cm 2 . At this value we observed no multi-photon ionisation of OCS. A FEL pulse energy of about 10 µJ at 194 eV was used with a focal spot size of 21 µm (standard deviation σ of a Gaussian distribution). The beamline is equipped with a time-of-flight spectrometer 25 in Wiley-McLaren configuration to collect and discriminate the ionic fragments created upon ionization. A velocity map imaging spectrometer (VMI) 29 for ions and electrons is also available. OCS was premixed with helium with a concentration of 680 ppm and expanded into the vacuum chamber through a pulsed Even-Lavie valve 30 at a pressure of 36 bar. The molecular beam conditions and the mechanical alignment were optimized using the ion signal of a quadrupole mass spectrometer (QMS) mounted behind the interaction region. The QMS was also used to rule out the presence of OCS dimers that could result in the creation of spurious ionic fragments.
The coarse spatial overlap between the pump and probe pulses was found by means of a retractable fluorescent Ce:YAG screen placed in the interaction region. A coarse temporal overlap within 10-20 ps was found by means of a retractable antenna also placed in the interaction region. Spatial and temporal overlap were further refined by monitoring the ion signal from resonant two-color ionization of helium. Specifically, the FEL wavelength was set at the He 1s5p resonance (51.56 nm), and the NIR pulse was added, a step function was observed in the He + signal due to two-color multi-photon ionization:
He +hν FEL → He 1s5p + mhν NIR → He + + e − . This singly ionized signal was measured, and the delay between the two pulses was scanned. When the IR pulse preceded the XUV pulse no ionization occurred, otherwise the excited helium was ionized. This defined very quickly the temporal overlap with a precision of a few hundred femtoseconds.
A further refinement of the temporal overlap, unaffected by intensity saturation effects, was obtained by setting the FEL photon energy above the ionization potential of He, and monitoring with the VMI spectrometer the intensity of the NIR-induced sidebands in the He photoelectron spectrum. This method 31 allows the determination of the zero time delay between the pump and the probe within a few tens of femtoseconds. In the measurements presented here, the NIR alignment laser was linearly and vertically polarized and thus parallel to the time of flight tube. Therefore, the difference in transit times-of-flight through the mass spectrometer between ions emitted in opposite directions was maximized. The action of the NIR alignment laser on OCS was monitored by detecting different ionic fragment channels after ionization above the Sulfur 2p edge with an FEL energy of 194 eV and subsequent Coulomb explosion. The Coulomb explosion occurs because the 2p hole undergoes rapid Auger decay to a doubly ionized state, with a significant branching ratio into two charged fragments 32 . By varying the time delay of the pump and probe pulses, the rotational dynamics of OCS was observed in the temporal structure of the time-of-flight mass spectrum.
Results and Discussion
In the TOF spectrum shown in Fig. 1 it is possible to observe the fragmentation channels and the action of the alignment laser. At 194 eV FEL photon energy, the TOF spectrum revealed the presence of the following ionic fragments (see inset of Fig. 1 ): OCS + and CS + (longer flight times), OC + , OCS 2+ , S + (medium flight times), O + and C + (shorter flight times). The spectrum observed is consistent with previous experiments performed above the Sulfur 2p edge 32 .
The main part of the figure shows the fragmentation channel: OCS + hν → OCS 2+ → OC + + S + .
Here the TOF distribution for each fragment is within about 90 ns and, according to SIMION R simulations performed on the spectrometer geometry, corresponds to a maximum kinetic energy of 3-4 eV. Thus a total kinetic energy release of the OC + + S + channel of about 7 eV is found, consistent with references 32, 33 . With the FEL pulses arriving 39 ps after the NIR pulses the appearance of the two side peaks at the extremal times for each ionic fragment is a clear indication of the action of the alignment laser (red curve in Fig. 1 ). In fact, the NIR laser causes an alignment at half revival of the molecules along the TOF tube and the subsequent core ionization and Coulomb explosion separate the ionic fragments in two opposite directions, one towards and one away from the detector, so that the time of flight is reduced for the former and increased for the latter. In other words, the time of flight difference of the molecules exploding back to back is maximized. The occurrence of Coulomb explosion following ionization is confirmed by a partial covariance map analysis 34, 35 of the TOF traces reported in Fig. 2 . The following partial covariance formula was used: covariance map confirms the correlation of the ionic fragments OC + and S + after Coulomb explosion from the same molecule, demonstrating that this channel is a good observable for quantifying the degree of alignment of the OCS molecule. This covariance map was acquired in a time of 1 minute, for a total of N=3000 shots. Figs. 3 and 4 show the region of the OC + and S + channel in the partial covariance map at two different delays between the pump and probe pulses, i.e. different average molecular directions. We observe a clear difference in the ionic momentum distributions when the molecules are aligned or anti-aligned with respect to the laser polarization axis. In particular, when the molecules are anti-aligned the time of flight distribution of back-to-back flying fragments is much narrower (i.e., TOF bin values in the abscissa axis varying from 5525 to 5605 ns), and the opposite is valid at half revival for aligned molecules and the time of flight distribution is wider (i.e., TOF bin values in the abscissa axis ranging from 5515 to 5620 ns). This is due to the different flight direction with respect to the TOF spectrometer axis in the two cases, and thus to the different distribution of the ions' arrival times.
Rotational revival alignment structure was also measured by monitoring the integrated signal for OC + and S + fragments while changing the time delay of the FEL pulse with respect to the alignment NIR pulse in steps of 2 ps over a region from -2 ps to 36 ps and reported in Fig. 5 . More into details the plot shows the integrated signal, over the shaded areas highlighted in the inset with the same color code for each fragment as in the main plot, normalized to the sum over the whole region of the inset (cutting out the region of OCS 2+ ). For each delay step, N=6000 shots were recorded for a total acquisition time of 36 min. Due to a machine fault, the delay scan in Fig. 5 was interrupted and a second longer delay scan was performed with a lower gas backing pressure of 34 bar and thus a higher rotational temperature and reported in Fig. 6 . For this second scan the degree of alignment was monitored by measuring the integrated intensities in the time-of-flight traces, as highlighted in the inset, normalized to the sum over the whole region of the inset (cutting out the region of OCS 2+ ). Thus the graph in Fig. 5 shows the rotational revival dynamics for OC + and S + separately and the graph in Fig. 6 the rotational revival dynamics of the sum of OC + + S + . Such rotational dynamics exhibit maxima (half revival) and minima (full revival) as a function of the delay between the NIR laser and the FEL probe. The positions in time of maxima and minima are in agreement with the positions expected for a molecule with a rotational period of 82 ps. We also found a qualitative agreement with the theoretical prediction of the quantity cos 2 θ 2D (red curve) where a value of 0.8 is expected as the maximum degree of alignment for the best experimental conditions, corresponding to the lower initial rotational temperature. The parameters used for the simulation are: NIR laser intensity of 2 TW/cm 2 , pulse duration of 200 fs, molecular rotational temperature of 0.6 K (for the dataset in Fig. 5 ) and 1.5 K (for the dataset in Fig. 6 ), molecular rotational constant of 0.202 cm −1 36 , molecular population with all rotational states having rotational quantum number up to J=5 and projection M =-5,...,0,...,+5 and intensities following a Boltzmann distribution 15 . The simulations can be adjusted according to the error estimation of the main parameters: the laser energy is measured with an error < 1%, the focal spot size is affected by an uncertainty in the exact focus position that is conservatively estimated to be 20%, the pulse duration is measured by means of an autocorrelator with a precision of 5%. The rotational temperature used for the simulation is a free parameter and adjusted to the experimental data with an error estimation of about 20%, consistent with the typical rotational temperature expected using this type of pulsed valves 30 . The simulations shown in Figs. 5 and 6 are the best matches to the experimental data multiplied by a re-scaling factor so that maxima and minima correspond. The uncertainties in the experimental parameters result in an overall uncertainty of the simulated parameters and thus of the maximum degree of alignment achieved during this experiment. We estimated a final uncertainty for the <cos 2 θ 2D > of about 28%, however, at this stage, the precision of such a quantity is not crucial for the qualitative analysis given in the present work. We point out that this work confirms that far-off-resonant ionization, followed by Coulomb explosion is an ideal, angularly unbiased probe of alignment 6, 37, 38 . Moreover we confirm that TOF detection is capable of extracting information about molecular fragment distribution 33, 39 and, therefore, the evolution of the rotational wavepacket.
Conclusions
The results presented in this paper demonstrate laser induced alignment of OCS molecules in the impulsive regime, and revival dynamics were observed of ionic fragments produced after ionization and Coulomb explosion in aligned molecules. Such results demonstrate the possibility, at the LDM beamline of the FERMI Free Electron Laser, of performing future experiments where alignment of small molecules is required to allow study of photoionization processes in the molecular frame. We note that LDM is also equipped with a velocity map imaging spectrometer and with the existing equipment of the beamline photoelectron angular distribution experiments on aligned molecules can be easily planned and performed in the near future. The seeded scheme of FERMI is characterized by negligible jitter between pump and probe pulses and this property can be used in multi-pulse alignment experiments, where an increase of the degree level of alignment due to a second NIR pulse has been already proved 40 or in multi-color (NIR + UV + FEL) pump and probe experiments, allowing access to vibrational states in aligned molecules.
Stronger alignment, as previously demonstrated for OCS 16, 41 , will be required to perform experiments with photoelectron holography techniques 37, [42] [43] [44] able to image the molecules from within, and allowing the recording of molecular movies on a femtosecond scale with picometer resolution. X-ray scattering experiments may also be performed in the future on relatively large aligned molecules, compatibly with the highest photon energies available at FERMI in the FEL2 range 6, 45 .
